Growth strata analysis is an useful tool in understanding kinematics and the evolution of active faults as well as the close relationship between sedimentation and tectonics. Here we present the Shanchiao Fault as a case study which is an active normal fault responsible for the formation of the 700-m-thick late Quaternary deposits in Taipei Basin at the northern tip of the Taiwan mountain belt. We compiled a sedimentary record, particularly the depositional facies and their dated ages, at three boreholes (SCF-1, SCF-2 and WK-1, from west to east) along the Wuku Profile that traverses the Shanchiao Fault at its central segment. By incorporating the global sea level change curve, we find that thickness changes of sediments and changes of depositional environments in the Wuku area are in a good agreement with a rapid sea level rise since the Last Glacial Maximum (LGM) of about 23 ka. Combining depositional facies changes and their ages with their thickness, we are able to introduce a simple back-stripping method to reconstruct the evolution of growing strata across the Shanchiao Fault since the LGM. We then estimate the vertical tectonic slip rate since 23 ka, which exhibits 2.2 mm yr -1 between SCF-2 and WK-1 and 1.1 mm yr -1 between SCF-1 and SCF-2. We also obtain the Holocene tectonic subsidence rate of 2.3 mm yr -1 at WK-1 and 0.9 mm yr -1 at SCF-2 since 8.4 ka. We thus conclude that the fault zone consists of a high-angle main fault to the east between SCF-2 and WK-1 and a western lower-angle branch fault between SCF-1 and SCF-2, resembling a tulip structure developed under sinistral transtensional tectonism. We find that a short period of 600-yr time span in 9 -8.4 ka shows important tectonic subsidence of 7.4 and 3.3 m for the main and branch fault, respectively, consistent with possible earthquake events proposed by previous studies during that time. A correlation between geomorphology and subsurface geology in the Shanchiao Fault zone shows that an array of subtle geomorphic scarps corresponds to the branch fault, however, that the surface trace of the main fault seems to be completely erased by the surface force of erosion and sedimentation. We recommend that analysis in the light of growth-faulting scheme should be conducted in a more systematic way for earthquake geology study in other portions of the Shanchiao Fault within the Taipei Basin, as well as other areas worldwide currently under extensional deformation.
INTrODUcTION
History of fault development is often tape-recorded in syn-tectonic sediments associated with the fault motion. Such growth faulting scheme has been invoked to interpret fault slip accumulation over time and variation of strata across and along strike, leading to models describing fault evolution and kinematics (e.g., Childs et al. 2003; Bull et al. 2006) . Much attention has been paid to growth strata genesis in compressional tectonic environments, such as foreland settings in determining fault-fold kinematics (Vergés et al. 2002; Hubert-Ferrari et al. 2007) . Growth faulting along with sequence analyses were successfully applied to understand basin formation and petroleum systems in the northern Gulf of Mexico where deltaic shelf sediment infills are modulated by gravity-driven normal faulting and eustatic sea level change (Brown et al. 2004) . Growth faulting may form at low elevations in the vicinity influ-enced by recent sea level rise, and thus serve to be a potential tool for neotectonic investigations on seismogenic normal faults.
Normal fault system is one of the important sources of earthquake hazard in continental extensional provinces, where large plains, and therefore urban development and heavy populations, are often present. Examples of paleoseismology and earthquake geology studies in such setting include the Tyrnavos Basin in the Aegeon region (Caputo et al. 2004) , the Wasatch Fault Zone in central Utah, United States (Machette et al. 1991; McCalpin and Nishenko 1996) , and the upper Rhine Graben near Basel, northern Switzerland (Meghraoui et al. 2001) . The Taipei metropolis, the capital of Taiwan where several million people reside, is unfortunately also under seismic threat from the active Shanchiao normal fault ( Fig. 1 ; Chang et al. 1998; Lin et al. 2000) . Since pioneering studies of the Shanchiao Fault (e.g., Lin 1957; Wu 1965) , the geological characteristics of this fault have remained relatively poorly understood though they bear important information on hazard mitigation and regional geodynamics. Properties of the activity of the fault such as its long-term Quaternary slip rate are mostly inferred from geologic data in the Taipei Basin (Teng et al. 2001) and are therefore crude in nature. Recently, Huang et al. (2007) correlated the sediments of three borehole sets across the deduced fault surface trace (Lin 2001 ) and proposed three paleoseismic events during the Holocene; the validity of their analysis is doubtful as the borehole sets may have covered only part of the Shanchiao Fault zone when considering the geometry of the basin basement. In this study, we re-compiled their borehole set in the central part of the Shanchiao Fault to form the Wuku Profile (Fig. 2a) . The stratigraphy of the three wells in the Wuku Profile is correlated and a geologic cross-section is thus revealed. In this paper, we document a valuable example of subaerial growth faulting case in the central portion of the Shanchiao Fault where growth strata provide a clear distinction on the sedimentation rate and throw rate across the fault on the thousand-year scale. A detailed growth faulting history is constructed over a time span since the Last Glacial Maximum revealing close coupling between sedimentation, tectonic process, drainage system changes, and eustatic sea level rise. Fault zone location and its deformation structure within unconsolidated basin sediment can therefore be better defined. Vertical slip rates on main and branch faults starting from 23 ka are constrained, implying an approximately 2 mm yr -1 averaged tectonic subsidence rate across the Shanchiao fault zone for the last 8400 years.
GEOLOGIcAL sETTING
Taiwan is situated on the plate boundary of active convergence between the Eurasian and Philippine Sea plates since around 5 Ma (Suppe 1981; Ho 1986; Teng 1990; Wu et al. 1997 ) with a rapid convergence rate of about 82 mm yr -1 in the NW direction (Seno 1977; Yu et al. 1997; Lin et al. 2010; Fig. 1a) . This oblique convergence leads to the southward-propagation of the Taiwan orogeny (Suppe 1981) . Unlike regions of central and southern Taiwan presently in a state of full and mature collision (Angelier et al. 1986; Yu et al. 1997; Shyu et al. 2005) , the northern part of the mountain belt, including the Taipei region, is now in a state of post-collision with an extensional or transtensional tectonic setting rather than a compressional one (Teng 1996) , as evidenced by the presence of Quaternary extensional structures (Lee and Wang 1988; Lee 1989; Lu et al. 1995) , extensional earthquake focal mechanisms (Yeh et al. 1991; Kao et al. 1998) , and GPS displacement fields (Yu et al. 1997; Rau et al. 2008 ). The Taipei half-graben of Quaternary deposits is therefore formed in a close association with down-dip slips on the Shanchiao Fault, which is considered to be the major neotectonic structure responsible for the tectonic inversion from compression to extension across the Taipei region (Teng et al. 2001 ; Fig. 1 ).
The flat low-lying Taipei Basin, a triangular-shaped half-graben filled with late-Quaternary fluvial deposits since c. 400 ka (Wei et al. 1998; Teng et al. 2001) , developed on top of the folded Oligo-Mio-Pliocene shallow marine strata, as a fold-and-thrust belt during earlier stage of mountain building. The late Quaternary terrestrial deposits in the Taipei basin form an asymmetric sedimentary wedge: reaching a maximum depth of about 700 m near the western margin and becoming thinner rather drastically toward the east and south (Fig. 1c) . These unconsolidated deposits are divided into four major lithostratigraphic units . From bottom to top (Fig. 2b) , they are: (1) the Banchiao Formation: consisting of intercalated fluvial sand, mud and conglomerate, with occasional pyroclastics and topped by thick laminated mud, with a maximum thickness of 380 m with ages ranging from 250 to 400 ka; (2) the Wuku Formation: consisting of fluvial sands and conglomerates, with minor mud and lateritic conglomerates, reaching a maximum thickness of c. 160 m with ages ranging from 80 to 250 ka; (3) the Jingmei Formation: comprising lateritic fluvial (alluvial-fan) conglomerates with an utmost thickness of 50 m. These particular conglomerate layers are interpreted as products when the Tahan River was captured and flowing into the Taipei basin about 25 to 23 ka (Teng et al. 2004a ); (4) the Sungshan Formation: composed of estuarine interbedded sand-mud deposits, with a thickness of 50 -100 m. The basin deposits are marked by prominent lateral facies changes with frequent pinch-outs. However, the widespread lateritic gravels of the Jingmei Formation and the laminated mud in the upper Banchiao Formation (Teng et al. 2004b) usually serve as basin-wide marker beds .
Geological evolution of the Taipei Basin was proposed by Teng et al. (2001) , based on interpretation of regional geology. While the Plio-Pleistocene orogeny of mountain building reached its climax in northern Taiwan in Quaternary, the Paleo-Tanshui River, the major river in the Taipei Basin, began to provide sediments to produce the Linkou fan-delta around the ancient mountain front (Chen and Teng 1990) . Accompanying the waning of compressive stress in the northernmost Taiwan island during the middle to late Quaternary (Lee and Wang 1988 ) is the vigorous eruptions of the Tatun volcanoes to the north of the Taipei Basin (Wang and Chen 1990; Song et al. 2000) , probably reflecting the onset of regional extension. Subsidence along western margin of the Taipei basin, as evidenced by several hundred meters of thick fluvial deposits, is interpreted as a result from repeated normal faulting (the Shanchiao Fault) as inverted from the Hsinchuang fault, an ancient frontal thrust in northern Taiwan (Chiu 1968; Hsieh et al. 1992) . The extension tectonics gradually transformed the Taipei area from rugged mountains into a sediment-receiving basin. The accumulation of fluvial and lacustrine sediments started at about 0.4 Ma (Wei et al. 1998; Teng et al. 2001) . Since then the Taipei Basin has kept expanding due to erosion and continual asymmetric subsidence along the Shanchiao Fault in the western edge of the basin. Under the combining influences of sea level fluctuations, volcanic activities, drainage system changes, and tectonic processes, the basin was infilled with various types of sediments, including alluvial, lacustrine, marine and pyroclastic deposits, up to 700 m thick as mentioned above.
THE AcTIVE sHANcHIAO FAULT
The Shanchiao Fault was mapped (Lin 2001; Chen et al. 2004 Chen et al. , 2006 Huang et al. 2007; Figs. 1b and 2a) along the topographic boundary between the Linkou Tableland and the Taipei Basin, sub-parallel to the Hsinchuang Fault (Lin 2001; Teng et al. 2001) . There are features which indicate that the steeper Shanchiao normal fault may merge into the Hsinchuang thrust fault at depth (e.g., Hsieh et al. 1992) . Following the late-Quaternary tectonic inversion, tectonic subsidence from down-dip slips on the Shanchiao Fault led to formation and development of the Taipei Basin. Leftlateral transcurrent motion together with clockwise block rotation is also expected to occur along the Shanchiao Fault, based on studies on regional structural geology, paleomagnetism, and GPS measurements (Lu et al. 1995; Lee et al. 1999; Rau et al. 2008) .
Much effort has been made to characterize this active fault. Shallow reflection seismic profiling across the Shanchiao Fault imaged vertical offsets of Holocene sediments at shallow depths, although the location of the main fault remains questionable (Wang and Sun 1999; Shih et al. 2004) . GPS surveys of the Taipei area showed WNW-ESE extension with a slow rate of 0.08 μstrain yr -1 across the fault (Yu et al. 1999) . Asymmetric tectonic subsidence related to the Shanchiao Fault across the basin was illuminated through recent study on 30-year-long levelling data ). Huang et al. (2007) correlated stratigraphy of three sets of boreholes, and proposed three paleoseismic events during the Holocene (i.e., at 8500, 9200, and 11100 years b.p., respectively). Geomorphology analysis also reveals a series of scarps closely related to the development of the Shanchiao Fault (Chen et al. 2006; Fig. 2a) . Radon and helium anomalies in soil-gas along the fault zone were documented (Walia et al. 2005) indicating the presence of possible active faults and a deep fracture-advection system. The Shanchiao Fault is therefore considered currently active (Chang et al. 1998; Lin et al. 2000) . Subsurface geology of the fault zone, by contrast, has not been fully explored.
rEcONsTrUcTION OF GEOLOGIcAL PrO-FILE AcrOss THE sHANcHIAO FAULT
In recent years, the Central Geological Survey of Taiwan carried out a number of drillings in the Taipei Basin in order to better understand its subsurface geology and engineering environment (e.g., Lin et al. 1999) . Among them three boreholes in the Wuku area, SCF-1, 2, and WK-1, have been selected for the present analysis due to their optimal locations associated with the Shanchiao fault ( Fig. 2a ) and data quality. All three wells are situated in a flat marshy lowland in the Wuku area on the western edge of the basin. Drill hole WK-1 reaches the deepest known depth of the late Quaternary basin deposits at 679 m. Many radiocarbon dates have been acquired which are crucial for a successful stratigraphic correlation. At SCF-1 and SCF-2 boreholes, the Sungshan Formation in the upper part was studied by Huang et al. (2007) whose classification of strata serves as a basis for this study. The main stratigraphic system of the complete basin deposit is adapted from Teng et al. (1999) , as discussed above. Through stratigraphic analysis of the three boreholes by incorporating the growth faulting scheme, we reconstruct the Wuku geological profile to reveal the present configuration of fault zone stratigraphy and structure in the central part of the Shanchiao Fault.
stratigraphic correlation between the Boreholes
First, we carried out analysis and correlation of stratigraphic units between the three boreholes, SCF-1, SCF-2 and WK-1, based on lithology and radiocarbon dates. We reprocessed all available raw radiocarbon dates previously published Huang et al. 2007 ) by calibrating these radiocarbon dates to calendar years before present (cal. yr BP) using the model curve of Fairbanks et al. (2005) . Table 1 shows details of the results. Note that a few calibrated radiocarbon dates reveal a reversed stratigraphic order (i.e., older ages on top of younger ones), implying that they might be reworked samples. Thermoluminescence ages acquired in WK-1 ) are summarized in Table 2 . We thus reconstructed a detailed correlation of lithostratigraphic units of the three boreholes (Fig. 3) and the unit descriptions are listed in Table 3 . Comparing the strata in three boreholes (SCF-1, SCF-2, and WK-1), one finds that the thickness of all the four formations increases dramatically toward the east. Hereafter we describe how we correlated the lithofacies units between these three boreholes (Fig. 3) .
For the uppermost Sungshan Formation at SCF-1 and SCF-2, Huang et al. (2007) divided this formation into three units as C1, C2, and C3. We find that such division also applies to the Sungshan Formation at WK-1 ( Fig. 3 and Table 3 ). The C1 unit is comprised of mainly sandy layers with mollusk shells at bottom whose onset of deposition is around 8400 years B.P. (8.4 ka) and is of alluvial facies (Huang et al. 2007 ). At SCF-1 this unit extends from land surface to a depth of 14.5 m (where the shells occur) and is filled with fine to medium sand with occasional thin silts at 2 -3 and 8 m depths. At SCF-2 this unit is composed of fine sands with one thin mud and silt layer and ends at the shell lag of 22.3 m in depth. Collectively, we find that the C1 unit shows a prograde depositional character in both SCF-1 and SCF-2. At WK-1 the shell layer is found at 33.6 m with an age ~8.4 ka, which lies under interlayers of fine to medium sands and muddy-silts; these sediments of floodplain facies in a prograding fashion (Teng et al. 2000) are therefore considered to be correlative to the C1 unit.
Underneath the C1 unit, the C2 unit which was deposited from ~9 to 8.4 ka is predominantly clayey and rich in peat and charcoal as defined at SCF-1 and SCF-2 (Huang et al. 2007 ). The upper part of C2 at SCF-1 is filled with muddy silts and the lower part with mud to a depth of 21.3 m. At SCF-2 the C2 unit consists of mud in the upper section (1) a8018 ± 54a 8834 -9032 a22.55 C2
(1) a7790 ± 50a 8518 -8612 a30.40 C2
(1) a8200 ± 56a 9057 -9239 a36.70 C3
(1) a8400 ± 160 9223 -9567 a49.00 C3
(1) a9064 ± 67a 11176 -11270 a55.50 C3
( Huang et al. 2007 and (2) Lin et al. 1999 ; ** Calibration with Fairbanks 0107 calibration curve (Fairbanks et al. 2005) ; N/A = not available. and silts near the bottom at 32.4 m. At WK-1 a thick muddy-silt layer of estuarine environment (Teng et al. 2000) extending to 51.1 m is found corresponding to the C2 unit with analogous sediments. In fact, the radiocarbon ages also support this correlation of stratigraphy. The sediments of the C2 unit are distinctively finer-grained than those above (C1 unit) or beneath (C3 unit), making it much easier to recognize. Abundant detrital charcoal chips and mollusk shells are present in C2 unit at all three boreholes. The C3 unit, the lowermost member in the Sungshan Formation, is made up of sandy layers with alternating thin charcoal-rich clay layers older than 9 ka at SCF-1 and SCF-2. At SCF-1, the C3 unit consists of silts and fine sands 13.9 m thick wherein their accumulation started at ~10 ka. At SCF-2 the C3 unit is 27.5 m thick composed of interbedded fine sands and silts, and began sedimentation ~12 ka. Between 51.1 and 110.8 m depth at WK-1, alternating charcoal-rich layers of fine-medium sands and mud is found equivalent to the C3 unit described above, albeit of greater thickness and longer time span of deposition ranging from ~23 to ~9 ka. The C3 sediments in WK-1 exhibit an upward transition from alluvial fan to distal floodplain facies in a retrograde stacking pattern, without a break of sedimentation between C3 and underlying Jingmei Formation of C4 unit (Teng et al. 2000) . By contrast, there appears a substantial hiatus at the same stratigraphic boundary between C3 and C4 units at Teng et al. (1999) ; ** Reference for unit definitions: a: Huang (2003) and Huang et al. (2007) ; b c: Teng et al. (1993) .
SCF-1 and SCF-2, according to the radiocarbon dates. The Jingmei Formation (lateritic clast-supported conglomerate layer, C4 unit in Table 3 ) also appears to increase in thickness towards the east. At borehole SCF-1, it rests unconformably above weathered Tertiary basement rock and is 9.9 m thick. At SCF-2 it is 33.1 m thick (between 59.9 to 93 m), and at WK-1 it is 30 m (between 110.8 to 140.8 m), both lying on the Wuku Formation. The Jingmei Formation, a product from the diversion of the Tahan River into the Taipei Basin, was interpreted to be formed during 23 and 25 ka (Teng et al. 2004a ). The only radiocarbon date of 38 -40 ka in the lower part of the Jingmei Formation at SCF-2 is presumably acquired from reworked material.
The remaining lower part of SCF-2 of about 71 m thick (93 -164 m), below the Jingmei Formation, is composed of silts in combination of sands, with three conglomeratic units, and is defined as the upper part of the Wuku Formation (C5 -C12 units), which lies unconformably upon the folded Miocene basement rocks. At borehole WK-1, below the Jingmei Formation, two late Quaternary formations lying unconformably above the Tertiary basement rocks can be observed: (a) the Wuku Formation lies in between 140.8 to 301 m (about 140 m thick) and (b) the underlying Banchiao Formation extends from 301 to 679 m (378 m thick). The uppermost Wuku Formation was dated to be far older than 50 ka, implying a large gap of sedimentation before the onset of depositing the overlying Jingmei conglomerates. The oldest dated age for the Wuku Formation is about 200 ka at WK-1 borehole. The Banchiao Formation constitutes the lower half of the WK-1 borehole. Existing thermoluminescence ages imply that the age for the Banchiao Formation is no younger than 150 ka (Table 2 ) and might be no older than 400 ka (Wei et al. 1998; Teng et al. 2001) .
All three boreholes penetrated to the Tertiary basement rocks which are known exposed surrounding the Taipei Basin as the rugged foothills. Basement rocks reached at SCF-1 and 2 are probably the late-Miocene Nanchuang Formation, with weathered top basement rock in SCF-1. Rocks retrieved from WK-1 in 679 to 741 m belong to the early Miocene Taliao Formation, which is thrust over the Nanchuang Formation at 750 -760 m depth by a shear zone containing fault breccias (Lin 2005) . Note the dramatic increase of basement depth between SCF-2 and WK-1 boreholes compared to a relatively mild one between SCF-1 and SCF-2 boreholes (Fig. 2b) , implying the location of the main Shanchiao Fault between the SCF-2 and WK-1 and will be discussed later in more detail.
Through lithologic correlation in aid of radiocarbon ages, the Sungshan and Jingmei formations are present across the entire profile, while the Wuku Formation is only found at SCF-2 and WK-1, and the Banchiao Formation is restricted to WK-1. The Sungshan Formation (and units within), the Jingmei Formation, and the Wuku Formation all thicken toward the east, and the stratigraphic horizons deepen eastward. The sedimentation rate appears to vary both temporally and spatially. We found two major hiatus: one between the deposition of Wuku and Jingmei sediments and the other between the deposition of the Jingmei and Sungshan sediments at SCF-1 and 2. Sediments within the Sungshan and Jingmei formations are quite similar between the boreholes, indicating the sediment source was generally the same and was presumably basin wide, as from the Tahan -Tanshui river system (sediment transporting direction normal to the profile and rather homogeneous). Tributaries drained from the Linkou Tableland to the east didn't seem to assert significant contribution to the deposits since no alluvial-fan conglomerates are found beyond the deposition of the Jingmei gravels in these boreholes suggesting little local sediment transport.
stratigraphic Architecture of the shanchiao Fault Zone
In active extensional settings, such as the Shanchiao fault area, the rate of increase of accommodation space is enhanced on the hanging-wall due to subsidence caused by normal faulting. Hereafter we briefly describe the theory of reconstructing the growth strata across an active normal fault we apply in this study. On a relatively flat depositional surface, sediments deposited within a given time span (growth strata) will be thicker on the hanging wall than those in the footwall if the normal fault is active, and uniform if there's quiescence in tectonic activity. The top of such layers will be even when deposition smooth out the fault scarp (if there is any), mimicking the regional topography. Subsequent layers will continue to form above the newly-formed horizon and repeat the geometric pattern governed by fault activity should there be room for sedimentation. Existing growth strata will be displaced downward at the same time and record all successive deformations. The entire package of syn-tectonic sediments may therefore yield information on fault location and structure, faulting history, and kinematics of fault-related folding (e.g., Sharp et al. 2000) .
Based upon the above established stratigraphic correlation, the growth normal faulting scheme within shallow sediments are illuminated. First, architecture of the latest Sungshan Formation is most useful for its completeness and synchroneity of sedimentary facies within the Holocene time. Between the SCF-1 and SCF-2, the units within the Sungshan Formation are indeed down-thrown and thicken eastward, representing effects of normal faulting, as Huang et al. (2007) previously proposed, at the same site of mapped fault-related scarp by Chen et al. (2004) . However, these effects on growth strata appear to be much more pronounced between boreholes WK-1 and SCF-2. We thus estimate the accumulation (sedimentation) rates at each drilling hole for the Sungshan Formation, including the C1, C2, and C3 units. By adopting the dated ages and the thickness of the units in each hole with simple mathematics, we obtain a variation of thickness for each unit across the three holes (Fig. 4) . It reveals that the thickness shows an eastward increasing trend for each unit, in particular across the SCF-2 and the WK-1 holes. As a result, the variations indicate the presence of a likely normal fault between SCF-1 and SCF-2 and a more significant vertical offset of normal faulting between SCF-2 and WK-1. We therefore intend to map two fault zones in the shallow sediments of the Wuku profile, with the eastern one as the main fault zone (Fig. 2b) .
Because the interface between unconsolidated basin sediments and the Tertiary basement rocks dramatically deepens between boreholes SCF-2 and WK-1 to be at least 34° dip angle (Fig. 2b) , we tend to interpret the main fault zone in further depth to follow this interface. The secondary fault zone between SCF-1 and 2 is supported by a shear zone near the bottom of the basin sediments at SCF-2 within the C10 unit, which contains several sheared intervals with striations denoting oblique sinistral-normal faulting and frequent centimeter-scale growth normal faults ). This secondary fault may merge with the main fault zone at where the basement floor abruptly steepened. The secondary fault is therefore regarded as a branch fault, which develops within the basin sediments. We interpret the region between the branch and main fault zones as an 'extensional fault block.' The Wuku formation is much thinner in the extensional fault block than in the actual hanging wall east of the main fault zone, and probably a slim sheet of it remains west of the branch fault but is terminated east of SCF-1. The Banchiao formation is exclusively confined in the hanging wall in greater depth. Figure 2b shows the proposed fault zone structure in the late-Quaternary basin sediments consisting of a highangle main fault and a western lower-angle branch fault. Seismic profiling about 1.5 km south of the studied boreholes (Wang and Sun 1999) reveals similar two-fault setting in the Shanchiao Fault zone. Minor sinistral slip component is present on the branch fault according to oblique fault striations documented by Lee et al. (1999) , and such fault zone configuration may genetically bear resemblance to a negative flower structure or tulip structure (Woodcock and Schubert 1994) as unveiled in a shallow seismic survey along the fault zone in the northern corner of the Taipei Basin (Shih et al. 2004 ).
We can not rule out the possibility that the branch fault zone between SCF-1 and 2 may extend down into the basement other than lying entirely within loose sediments. The extensional fault block may include the basement rock, producing staircase-shaped basement floor geometry in imbricate listric normal faulting (e.g., Wernicke and Burchfiel 1982) . It is also possible that the area between SCF-1 and WK-1 rests above an extensional fault-propagation fold (e.g., Gawthorpe and Hardy 2002) with the two fault zones as trishear zone boundaries where shearing is concentrated.
These options, though cannot be excluded, are not incorporated in the present study due to lack of evidence, and will not lead to momentous defects in the following presentation.
rEcONsTrUcTION OF GrOWTH FAULTING HIsTOrY

sea Level Fluctuation and sedimentation in the Taipei Basin
Sedimentary processes in coastal areas and their vicinities are sensitive to base level changes (van Wagoner et al. 1988) , so are in the Taipei Basin. Teng et al. (2000) noted two erosion surfaces below lowstand systems tracts in the basin deposits. Sedimentary facies of the basin deposits include estuary and lake, distal to proximal floodplain, braid plain, and alluvial fan facies Teng et al. 2000) . Given that the present sits at the highstand of the eustatic sea level cycle since around 20 ka of the Last Glacial Maximum (LGM) (Fig. 5) , the youngest basin deposits of the Sungshan Formation (10 -23 ka to present) were accumulated during the recent sea level rise. Before the Jingmei conglomerates deposited at about 25 ka when the Tahan River was captured, the basin (by then covered by the Wuku Formation) was in a stage of erosion with deeply-incised valleys (Teng et al. 2000 (Teng et al. , 2004a during the period of LGM. The restored geometry of the top of the Wuku formation represents the paleogeography of the Taipei Basin in LGM. Subsequent stacking of Jingmei and Sungshan deposits, belonging to the most recent sequence, can be discerned by linking rates and facies of sedimentation to accommodation provided by base level rise and tectonic subsidence.
Under the basin-wide deposition scheme described above, the geological history of the sediments in association with the activity of the Shanchiao Fault since the LGM can be illuminated through sedimentary records recovered from the investigated boreholes. A series of retro-deformed cross-sections can therefore be established since LGM of about 25 ka. In the following two sections, we first present the criteria for generating the restored cross-sections by a back-stripping method and the resultant profiles, and then illustrate the geological evolution of the Shanchiao Fault zone starting from 25 ka through semi-quantitative sections under the same scheme. Compaction of loose sediments is negligible because of the young ages and shallow depths of the units Taylor et al. 2008 ).
restoration by a simple Back-stripping Method
As mentioned above, the basin-wide sedimentation process in late Quaternary was governed by sea level fluctuations along with changes of drainage system, so did the accumulation of Sungshan and Jingmei Formations in the Wuku Profile since local influences other than tectonics are not observed in sediment records. When the sea level reached similar elevation to that of the Taipei Basin plain (resembling the present configuration) since the recent major marine incursion in the basin at 10 -9 ka (Teng et al. 2000) , sediments piled up across the entire profile, including the footwall, hanging wall and extensional fault block areas. Given the high rate of erosion and hence rapid sediment accumulation of the Taiwan Island in the present day (Dadson et al. 2003) , the room of sedimentation created by rising eustacy is considered to be filled up contemporaneously, therefore producing flat topography similar to the modern one.
Under this assumption, the topography at beginning of the deposition for the C1 unit of the Sungshan Formation would be approximately flat. Because the C1 unit of SCF-1 lies in the footwall area, hence it would not involve significant vertical motion of the faulting. Referring to the growth normal faulting scheme, the bases of C1 units in the hang- Clark et al. 1978; Chen and Liu 1996; Ota and Chappell 1999; Lam and Boyd 2001; Hori et al. 2004; Woodroffe and Horton 2005; and Yokoyama et al. 2007 . In addition to the present-day sea level, five paleo-levels (Level a -e) were selected as the sea levels corresponding to specific ages with significant geological processes. See details in the text.
ing wall side would be expected to be consequently downward displaced by dip-slips of the Shanchiao Fault which provided additional sedimentation rooms resulting in lateral thickening of the units. The elevation differences between the base of C1 unit at SCF-2 and SCF-1 (7.8 m), and SCF-2 and WK-1 (11.3 m) thus are interpreted to represent cumulative vertical displacements on the branch and main faults, respectively, from 8.4 ka till present (Fig. 6a) . Furthermore, we can observe that the height of sea level e (around -16 m) at the onset of the C1 (~ 8.4 ka) is close to the depth of the base of the C1 unit (-14.5 m) in the footwall area (SCF-1).
Back to 8.4 ka, because that the top of the basin deposits (C2 unit) in the footwall appears to be near the sea level (level e), therefore the height of the top of the estuarine deposits of the C2 unit across the profile would be considered to be very much flat. Under this assumption, the fault zone stratigraphic configuration by then can be approximated by removing the C1 unit above and re-leveling the C2 unit tops in WK-1 (hanging-wall region) and SCF-2 (extension fault block) to the one at SCF-1 (footwall region) as restoration by 'back-stripping' (Fig. 6b) . We calculate the remaining vertical differences of the depths of C2 unit between three holes as mentioned above. We then obtain 3.3 and 7.4 m, which hence denote to be cumulative vertical offsets on the , and 23 -9 ka (c), which correspond to depositional ages of Units C1, C2, and C3, respectively, are adopted for explaining the evolution of the growth faulting of the Shanchiao Fault. Numbers in black color: thickness of stratigraphic units. Numbers in red: vertical differences of thickness for each stratigraphic unit between drilling holes. Levels a to e are paleo-sea levels through time, which are denoted in Fig. 5 .
LGM began (Yokoyama et al. 2007 ). The sea level around Taiwan stabilized at approximately -140 m (level a) from about 28 ka compared to the present day. The 25-ka paleotopography as top of the Wuku formation can be estimated by adding the present day -140.8 m deep with 75.6 m of total vertical subsidence due to faulting with our back-stripping method, as described above. We obtain a depth roughly at -65 m for the top of Wuku formation along the Wuku profile (Fig. 7a) . It means that the Wuku formation was about 75 m high above the sea level at that time. As a result, sediments of the Wuku formation were subject to strong erosion by drainage system in the Taipei basin. The relatively high local topography 75 m above sea level indicates that no major channels, neither the Tanshui River nor the creeks originated from the Linkou Tableland in the west, existed in the investigated profile, which would form gorge-like incised valleys. The shallow basement at SCF-1 was exposed without cover of late-Quaternary deposits and thus was subject to be weathered (Fig. 7a) . Surface scarps resulted from slips on the Shanchiao Fault were likely to be rapidly erased or retreated westward on topography by intense erosion, obscuring attempts to estimate fault activity during this period.
(2) 25 to 23 ka (Fig. 7b) The Jingmei sediments were interpreted to be quickly deposited when the Tahan River was captured into the Taipei Basin during 25 -23 ka (Teng et al. 2004a ). These alluvial fan conglomerates accumulated within a time span of 2000 year and attained ~30 m thick in the Wuku region. The top of the Jingmei conglomerates should be rather flat by the time deposition ceased in the Wuku Profile because sediment transport was normal to the profile towards the north and no major channels were present. The gravel bed of the Jingmei Formation is 10 m thick onlapping onto the weathered Mio-Pliocene basement at SCF-1, implying an ancient topographic scarp located between SCF-1 and SCF-2. However, we interpret that the Shanchiao Fault was inactive during this 2000-year-long period because the Jingmei Formation is of uniform thicknesses (i.e., 30 -33 m) across the main fault between SCF-2 and WK-1.
On the other hand, during 25 to 23 ka, the sea level did not change significantly and remained about -140 m compared to the present level. So that the top of the Jingmei formation lies about -35 m compared to the present, that is, about 105 m high above the sea level.
(3) 23 to ~12 ka (Fig. 7c) We anticipate that the Taipei basin started to subside along the Shanchiao Fault after completion of the Jingmei conglomerate with probably both the hanging-wall block and the extensional fault block displaced downward. However, braid plain to floodplain sediments of 23-12 ka (lower part of C3 Unit of the Sungshan Formation) exist only at branch and main faults respectively during the 9 to 8.4 ka period (Fig. 6b) . These relatively large amounts of vertical offset in a short time span of 600 years appear to be consistent with two possible earthquake events occurred during this period inferred by previous study (Huang et al. 2007 ). We will discuss it in more detail in the later section.
The above approach became much difficult to apply to deeper sediments of the Sungshan Formation because the 10 ka datum is obscure at SCF-2 and WK-1, and synchroneity of sedimentation along the Wuku profile was absent during 23 to 10 ka. However, the Jingmei Formation alluvial fan deposits of 25 -23 ka resulted in a relatively flat topography at the end of the river-capture event. Provided the comparable thicknesses of the Jingmei conglomerates (C4 unit) at SCF-2 and WK-1, the ancient topography of the Wuku profile is considered to be roughly even at around 23 ka, therefore permitting the 'back-stripping' of C3 unit and evaluation of fault vertical displacements during the deposition of the C3 unit. Under this assumption, we then obtain that the Shanchiao branch fault slipped 13.6 m vertically and the main fault 32.2 m during ~23 ka to 9 ka according to constraints from top horizons of the C3 unit and the Jingmei Formation (Fig. 6c) .
Details of sediment accumulation and fault throws between ~23 to 9 ka cannot be accurately resolved, while the stacking pattern of the deposits does show westward onlapping of layers which is closely tied to tectonic modification on local geomorphology and base level changes controlled by eustacy. Regional sedimentation rate (modulated by tectonic movements) was zero at the LGM as the sea level (level a) was low at about -140 m compared to the present day level. Since LGM the sedimentation rate is expected to be rapidly increasing in pace with the rising sea level, and again dropped to trivial numbers when eustacy stabilized to elevations similar to that of today at ~6 ka (Fig. 5) .
In summary, the total vertical offset across the Shanchiao fault zones since 23 ka can be yielded by summing the above results during different periods, as shown in Fig. 6 . We thus obtain a total vertical offset of 75.6 m, with 24.7 and 50.9 m for the branch fault and the main fault, respectively, since the LGM of 23 ka. It can translate to an average vertical fault slip rate of 3.3 mm yr -1 across the Shanchiao fault zone in Wuku profile, with 1.1 mm yr -1 for the branch fault and 2.2 mm yr -1 for the main fault, since 23 ka.
Evolution of sedimentation vs. Growth Faulting
Combining information on stratigraphic architecture and knowledge on sea level changes since the LGM, the fault zone evolution is depicted in six scenes shown in Fig. 7. (1) Shortly before 25 ka (Fig. 7a) Global and East Asian eustatic sea level plunged to more than 100 m below the present level since 30 ka, as the WK-1. It implies that during this 10000-year-long period the hanging wall had subsided enough to accumulate braid plain and flood plain fluvial growth sediments of while the Jingmei gravel would be exposed in the footwall and the extensional fault block region. In the meantime, sea level rose rapidly from -140 m (level a) to -55 m (level b) from ~18 to 12 ka (Fig. 5 ) during this period. So the elevation of the basin floor decreased drastically from 105 to 10 -20 m high above the sea level from 23 to 12 ka.
(4) ~12 to 10 ka (Fig. 7d) The situation over the next 2000 years in 12 -10 ka was similar to the previous period as the sea level rose rapidly, except that the growth strata of fluvial deposits (middle part of Unit C3 of the Sungshan Formation) started to lap on to the area of the extensional fault block between the main and branch faults. This suggests that the subsidence in the extensional fault block region allowed fluvial sediments to accumulate. Sea level rose from -55 m (level b) to about -37 m (level c) during this period, while it still kept slightly lower than the basin ground.
(5) 10 to 8.4 ka (Fig. 7e) The beginning of this period marked the onset of major marine incursions in the basin (Teng et al. 2000) as the sea level gradually rose from -37 m (level c) to -16 m (level e) from 10 to 8.4 ka. Sediments began to pile up across the entire section, and the accommodation space was filled contemporaneously with the rising sea level. Since then the regional topography should be very similar to the flat one Fig. 7 . Interpreted sedimentation and growth faulting and post-LGM development history of the Shanchiao Fault zone in the Wuku profile. Several geological events with confident age control were adopted to divide the period into six stages: (a) shortly before the deposition of the Jingmei formation (25 ka), (b) deposition of the Jingmei conglomerates (25 -23 ka), (c) shortly before the sea level rising to reach the basin ground level (23 -12 ka), (d) the sea level beginning to surpass the basin ground level (12 -10 ka), (e) basin-wide sedimentation containing a 600-year time span with possible earthquake events coupled with rapid sedimentation (9 -8.4 ka), and (f) the latest stage of the sedimentation and growth faulting with gradual sea level rise and stabilized (8.4 -0 ka). Levels a to e are denoted in Fig. 5 .
today, with less than 5 meters of difference in elevation between the borehole sites. The top horizons of C3 and C2 units, the estuarine deposits during that time, are therefore assumed to be similar in elevation along the Wuku profile in the three boreholes at around 9 and 8.4 ka, respectively. Accordingly, while the sea level continued to rise from level d to level e from 9 to 8.4 ka (Fig. 7e) , we estimate that an extraordinarily rapid sedimentation of Unit C2 with 6.8, 10.1, and 17.4 m thickness at SCF-1, SCF-2, and WK-1, respectively. In the meantime, the Shanchiao Fault slipped vertically 3.3 m on the branch fault and 7.4 m on the main fault during the 600-year interval when C2 rapidly deposited in a relative deep, lower estuarine environment.
(6) 8.4 ka to present (Fig. 7f ) From 8.4 ka till present, as the sea level continued to rise from level e (-16 m) to present level and coupled with tectonic fault movement, the estuarine deposits of the C1 unit piled up and completed the uppermost sediments of the Taipei basin in the Wuku profile. The extensional fault block has been observed to subside (relative to the footwall) 7.8 meters and additional 11.3 meters for the hanging wall of the main fault.
DIscUssION
Tectonic Loading rates and Earthquake Events
Given that the rate of sediment supply and the rate of increasing accommodation space from rising sea level and tectonic subsidence are at balance, the sedimentation rate provides a direct way to estimate the effects of these components through time. When this is the case, sedimentation rate of growth strata across the fault offers explicit evaluation of both regional deposition rate and additional contribution from tectonic subsidence, with that obtained on the footwall containing only the former one. Sedimentation rate investigation as described above is conducted on the C1 and C2 units of the Sungshan formation in the Wuku Profile, that is from 9 ka to present. The reason why constraining to the Holocene time is mainly because of the synchroneity of deposition and quality of age controls. We obtain the Holocene sedimentation rates (dividing the unit thickness by the time span of deposition) for three blocks: (a) derived from units on the footwall at SCF-1 block stand for the regional deposition rate, while (b) derived on the extensional fault block at SCF-2 and (c) the hanging wall block at WK-1 include excess rates representing tectonic subsidence. The estimations are presented in Table 4 and Fig. 8a .The yielded sedimentation rates are 1.7, 2.7, and 4.0 mm yr -1 for footwall, extensional fault block, and hanging wall, respectively, during 8.4 ka -present (C1 unit). However, we obtain a much higher sedimentation rate of 11.3, 16.8, and 29.2 mm yr -1 for footwall, extensional fault block, and hanging wall, respectively, during 9 -8.4 ka (C2 unit). Note that difference in compaction rate of these Holocene units between the boreholes (i.e., different parts across the fault) would be well lower than 1 mm yr -1 (Meckel et al. 2006) and is thus ignored in the evaluation. By incorporating sea level rise, we obtain rate excess which we interpreted as tectonic subsidence rate (Table 4 ; Fig. 8a ): 0.9 and 2.3 mm yr -1 for branch fault and main fault, respectively during 8.4 ka -present (C1 unit) and 5.5 and 17.8 mm yr -1 for branch fault and main fault, respectively during 9 -8.4 ka (C2 unit).
Base on the above results, the period of 9 -8.4 ka when C2 was laid is characterized by both rapid base level rise and high tectonic subsidence rate. Two paleo-earthquake events documented on the branch fault zone by Huang et al. (2007) coinciding the start and end of C2 deposition may lead to the much enhanced sedimentation rate and tectonic rate calculated. The total vertical tectonic subsidence of 3.3 and 7.4 m for branch and main fault during this period of 9 -8.4 ka would mainly be subject to these two possible earthquake events. The rates derived from the C1 unit, embodying averages for a longer time period of 8.4 -0 ka, are considered to better represent the Holocene and late Quaternary Tectonic subsidence rates of the Shanchiao Fault since 23 ka can also be inferred from vertical offsets of the horizons (Fig. 8b) . Differences to the top depths of the Jingmei Formation (Unit C4) encompass the total vertical offsets of the Shanchiao Fault system since 23 ka, indicating the average vertical slip rates of 3.3 mm yr -1 with 1.1 mm yr -1 on the branch fault and 2.2 mm yr -1 on the main fault since the LGM. We also obtain about 1.0 and 2.3 mm yr -1 of averaged vertical slip rates on the branch and main faults, respectively, during 23 -9 ka. The faulting rates obtained from various time periods and criteria are quite consistent with the exception of those from C2 unit. We can also conclude that the hanging wall down-throw rates were higher than the regional sedimentation rates since at least 9 ka.
Comparing to the long-term tectonic subsidence rate of the Shanchiao Fault, which was estimated to be 1.75 mm yr -1 since 0.4 Ma , the results of short-term rate of 3.3 mm yr -1 since 23 ka appears to be significantly higher (Fig. 8b) . Although it is possible that the Shanchiao Fault has been more rigorous during the last tens of thousands of years, however, without study to complete the gap between 0.4 Ma and 23 ka, it is too early to draw a conclusion right now.
correlation between surface Topography and subsurface Geology
Previous study of topographic mapping aiming at characterizing Shanchiao Fault zone geomorphology has identified a series of fault-related scarps arranged in an enechelon array (Chen et al. 2006) , which are present along the western edge of the Taipei Basin (Fig. 2a) . The locations of fault-related scarps are generally in good agreement with existing borehole analyses which placed the surface trace of the Shanchiao Fault between borehole pairs including SCF-1 and 2, SCF-5 and 6, SCF-3 and 4 ( Fig. 2a ; Lin 2001; Huang et al. 2007 ). In the Wuku Profile, however, these traces and geomorphic features actually correspond to the branch fault zone; the main fault zone of the Shanchiao Fault may reach land surface east of SCF-2 where ground elevation is close to zero. We speculate that any topographic depressions caused by activities on the main fault zone would be readily erased since such troughs below the sea level tend to be rapidly filled by sediments given frequent typhoons and floods of Taiwan. This demonstrates that young faults without clear geomorphic evidence do not preclude the possibility of their recent activities, and hence the potential seismic threats. Figure 9 shows a 3-D block diagram summarizing structural and geomorphic characteristics of the Shanchiao Fault zone. Structures of faulted and tilted strata within the basement rocks mainly reflect deformation features occurred in the mountain-building stage in the Taipei region consisting of thrust sheets, as the Hsinchuang Fault and the one seen in WK-1. The Hsinchuang Fault, by then the mountain frontal thrust some 2 Ma, only broke in the lower part of the Linkou Formation, and the basement rocks are buried within the fan-delta Linkou conglomerates (Teng et al. 2001) . The uplift of the Linkou Tableland on the footwall block may be closely associated with the development of the normal faulting of the Shanchiao fault. The eastern border of the tableland, consisting of steep cliffs bearing some triangular facets and generally two threads of terraces (Chen et al. 2006) , is composed of colluvial deposits with local outcrops of basement rocks (Teng et al. 2001) . Geomorphic scarps bordering these terraces of uncertain origin might be related to past earthquake events as retreated fault scarps enhanced by fluvial processes. The only in situ fault-related scarps are associated with the branch fault, and exhibit right-stepping segmentation which denotes sinistral transcurrent tectonic environment, in line with the fault striation recovered in the drilling hole (SCF-2; Lee et al. 1999 ) and with the regional GPS measurements (Rau et al. 2008 ).
cONcLUDING rEMArKs
The Shanchiao Fault zone is interpreted to be composed of a main fault zone and a westerly shallower branch fault zone, with an extensional fault block in between. Leftlateral transcurrent motion in addition to normal faulting is present at least on the branch fault. The Shanchiao Fault has been highly active by almost incessant faulting since the Last Glacial Maximum of 23 ka. By comparing stratigraphy and its age, we are able to correlate stratigraphic units in a great detail across the three drilling holes along the Wuku profile. Under the assumption that the rapid rise of the sea level since the LGM would provide immense sediments to keep the topography flat in Taipei basin, we reconstructed the history of growth strata, which shows sedimentation significantly reflecting a combination effect of sea level rise and tectonic subsidence across the Shanchiao Fault since 23 ka. Furthermore, we calculated averaged vertical throw rates of about 2.2 and 1.1 mm yr -1 on the main and branch faults, respectively. The branch fault, corresponding to the major fault designated in previous documentations, made up about a third of total vertical displacement on the entire Shanchiao Fault zone since around 23 ka. Holocene tectonic subsidence rate of the fault appears to be similar and is constrained to be 2.3 mm yr -1 in the near-fault part of the hanging wall block, and 0.9 mm yr -1 in the extensional fault block area during 8.4 -0 ka. However, an episode with possible two earthquake events revealed substantial tectonic subsidence of 7.4 and 3.3 m in the main fault and the branch fault, respectively, during a 600-yr time span of 9 -8.4 ka. Presently, only the branch fault has geomorphic expressions; any topographic depressions caused by faulting on the main fault seem to be quickly filled. This has important implication for neotectonic investigations that faults of suspected status may still be active even though no clear direct geomorphic evidence can be found.
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